The human AQP4 gene: Definition of the locus encoding two water channel polypeptides in brain M ingqi L u * t, M. D o u g la s Lee*1\ B a rb a ra L. Sm it h '*, J in Sup Jung*, P e te r A gre**, M a ria n A. J. V erdijk §, G e ra rd Merkx §, Joi-ian P. L. Russ1 1 , and P eter M. T. Deen1 1
Recognition of the aquaporin family of water transport pro teins has provided a molecular explanation for the high water permeability of membranes of certain tissues. Characterization of the organization of aquaporin genes and identification of their sites within the human and mouse genomes have estab lished a primary role for some aquaporins in specific clinical disorders (for review, see ref. 1). Recognition that Colton blood group antigens are polymorphisms on red cell AQP1 (2) led to the recognition that the AQP1 null phenotype is not clinically severe and the prediction that backup water transport mechanisms exist (3). In contrast, mutations in AQP2 cause a severe form of nephrogenic diabetes insipidus (4), and muta tions in the MIP gene (encoding a lens aquaporin) cause congenital cataracts in mice (5).
AQP4 is known to be expressed predominantly in brain (6, 7) . Although AQP4 may contribute to the pathophysiology of normal pressure hydrocephalus, pseudotumor cerebrii, or postischemic edema, such linkages have not yet been estab lished. To facilitate such studies, isolation and characterization of human AQP4 cDNAs and genomic DNAs were pursued.
While these studies were underway, another group reported on the organization and localization of the gene encoding M IW C (an alternate name for AQP4; ref. 8) . Although several The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. observations were in agreement with ours, significant incom patibilities were noted, including unrelated N-terminal se quences, multiple discrepancies in the coding region, dissim ilarities in the genomic organization, and conflicting localiza tions of the gene to different sites on human chromosome 18. Additional studies were therefore undertaken to reconcile these differences.
M A T E RIA LS AND M ETH ODS
cDNA and Genomic DNA Cloning. A 611-bp Pstl fragment from the coding region of rat AQP4 cD N A (6) was randomlabeled with [a-32P]dCTP (Boehringer Mannheim, Amersham); this was used to probe 5 X 105 plaques from a human fetal brain cD N A library (AZAP; Stratagene) and an adult human retina cD N A library (AMaxi; CLO N T ECH ). Purified clones were sequenced by dideoxynucleotide chain termina tion (United States Biochemical). A human genomic DNA library in AEMBL-3 (9) was screened with the rat AQP4 cDNA fragment, and positives were restriction-digested and sub cloned for Southern analysis and sequencing (10). Intron sizes were estimated by restriction mapping and PCR amplification of genomic D N A . A human P I genomic D N A library (11, 12) was screened similarly, and presence of AQP4 in clone ICRF P700M1638 (11) was confirmed by cycle sequencing for exons 1, 2, 3, and 4 (4). RNA Studies. To determine the site of transcription initia tion of exon 0, an antisense oligonucleotide primer 5'-AGCCAGAGTGCAGCTCTCAT-3 ' was end-labeled with [y-32P]ATP; 1 X 10fi cpm was hybridized to 10 /xg of total human brain R N A and extended (10). Transcription initiation for exon 1 was undertaken similarly with the antisense primer 5 '-A A G A T C A T C C A G T T T C A C G G A A-3', The template plasmid for RNase protection assays (6) was constructed with a 200-bp EcoRI-BamHl fragment of M ÌAQP4 cD N A (cor responding to 70 bp of exon 0 and 130 bp encoding exon 1) inserted into pBluescript II K S (-) and linearized with Xbai or Kpnl to generate sense or antisense RNAs. A uniformly labeled 311-nt antisense probe was synthesized from the T3 promoter with [a~32P]UTP [800 Ci/m m ol (1 Ci = 37 GBq); Amersham]; 10ö cpm was hybridized at 42°C to 10 /xg of total R N A from adult human brain or 60 ¡jlg of R N A from lung or salivary gland (CLON TECH ). After digestion with RNase A (20 jag/ml) and RNase T1 (200 units/ml), protected fragments (3 X 105 cpm) were analyzed on 10% polyacrylamide sequenc ing gels next to sequencing standards. Sense RNAs generated from the T7 promoter (5 ng) or yeast tR N A (10 g) were hybridized and digested similarly. Data deposition; The sequences reported in this paper have been deposited in the GenBank database (accession nos. U63611-U63623).
Genetics: Lu et a l Proc. N a tl Acad. S ci USA 93 (1996) 10909 Chromosomal Localization. In situ hybridizations of Rbandcd normal human lymphocyte spreads (13) were per formed with a 5.8-kb BamHl AEMBL subclone or the PI clone (ICRF P700M1638). The probes were labeled with biotin-14-dATP (G IBCO /BRL Life Technologies) hybridized to heatdenatured metaphase spreads (14), and visualized with fluo rescein isothiocyanate conjugated to avidin-D in three signal amplification rounds (15). 4\6'-Diamidino-2-phenylindoie bands were obtained using standard methods and referred to according to the International System for Human Cytogenetic Nomenclature (16). Chromosomal slides were evaluated by digital imaging microscopy by high-performance chargecoupled device camera (Photometries, Tucson, AZ).
RESULTS
Isolation and Characterization of Human AQP4 cDNAs. Nine unique clones were isolated from a human fetal brain cDNA library, and two were isolated from an adult human retina cDNA library by probing with the raM Q W cDNA (6). The longest brain clone contained 40 bp of 5' untranslated sequence, an open reading frame encoding a 323-aa polypep tide with two potential initiating methionines (corresponding to M 1 and M23 from rat), followed by ^3 kb of 3' untranslated DNA with u polyadenylylation consensus. Neither of the retina clones extended to an initiation site, but a cDNA was amplified from the retina library with a sense primer designed to the M23 sequence but not with a primer corresponding to Ml (data not shown). The nucleotide sequences of both DNA strands of brain and retina cDNAs were identical from M23 to the translation stop site. The deduced amino acid sequences of these human cDNAs were 94% identical to n\iAQP4 cDNA (6), with 11 of the 19 amino acid differences representing conservative substitutions (Fig. 1 ). Organization of the Human AQP4 Genomic Locus. A single copy of the human AQP4 gene was established by Southern analysis of genomic D N A from two unrelated individuals after digestion with multiple restriction enzymes (data not shown). This confirmed the presence of a single genomic copy of AQP4 (8) , which was also found for all other aquaporins (10, (17) (18) (19) (20) .
The rat AQP4 cDNA was used to screen two different human genomic DNA libraries (9). One of the three positive clones contained a 20-kb insert from which restriction frag ments were subcloned into pBluescript II KS(-) for Southern analysis and sequencing with oligonucleotides corresponding to the anticipated exon-specific regions of the AQP4 cDNA (Fig. 2) . Four exons were identified with class 0 intron bound aries that coincided exactly with the boundaries of the first four exons in other members of the aquaporin family: the geneencoding lens homolog M IP (11),AQP1 (18),AQP2 (19), and AQP5 (10) . The M23 initiating methionine was present in exon 1 (Fig. 3) , and the coding sequences in the genomic fragments were identical to the human brain and retina cDNAs. Intron sizes were determined by restriction mapping and PCR using sense and antisense primers designed from the following coding sequences: a 0.8-kb intron between exons 1 and 2; 278 bp between exons 2 and 3; and 5.2 kb between exons 3 and 4 ( Fig. 2) . Thus splicing of exons 1-4 would correspond to the M23 cDNA from retina (Fig* 2) .
The existence of another exon (here designated exon 0) was inferred because the cDNA sequence at the 5' end of the M l cDNA was not present in exon 1. Only the first 34 bp in the 5' DNA flanking exon 1 corresponded to the sequence in the M l cDNA and was preceded by an intron splice acceptor site. By Southern analysis and PCR amplifications, exon 0 was located 2.7 kb upstream from exon 1. Thus, splicing of exon 0 with exons 1-4 would correspond to the M l cDNA from brain (Fig.  2) . Exon 0 encodes the first 10 and 2/3 amino acids in the M l transcript followed by a class II splice donor site. The next 11 and 1/3 amino acids preceding M23 are encoded by the 5' DNA flanking exon 1 (Figs. 2 and 3) .
Transcription and Translation of AQP4. Primer extension was used to determine the sites of transcription initiation for exons 0 and 1 using human brain RNA as a template. Two potential transcription initiation sites were identified upstream from M l in exon 0 (Fig. 4A ). Although two TATA motifs were also identified, only the closer may be functional, because it resides just 28 bp upstream from the second transcription initiation site at nucleotide +42, whereas the farther TATA motif lies 173 bp from the first initiation site (Figs. 3 and 4A) . Mapping the transcription initiation site of the M23 mRNA was undertaken similarly and revealed a start site 36 bp downstream from the single TATA element (Fig. 4A) , which differs from a recent report (8).
To confirm that two AQP4 transcripts exist, RNase protec tion was performed with total RN A from human brain, submandibular salivary gland, and lung using a 32P-labeled antisense cRNA probe overlapping sequences in exons 0 and 1 (Fig. AB) , Two distinct protection fragments corresponding to M l and M23 mRNAs were seen in all three human tissues, although 6-fold higher concentrations of lung and salivary gland RNA were needed to create signals of intensity equal to that of brain. When brain RN A was present, the 200-nt fragment (corresponding to M l mRNA) was of higher inten sity than the 130-nt fragment (corresponding to M23 mRNA), but the fragments were equivalently protected by RNA from the other two human tissues.
The potential functional significance of the two AQP4 transcripts was analyzed by immunoblotting brain membranes. Because of proteolysis in postmortem human tissues, rat cerebellum was evaluated with anti-AQP4 (Fig. 4C) , Reactive bands were observed with electrophoretic mobilities of 31, 34, 59, and 64 kDa. The 31-and 34-kDa bands are in agreement with the predicted sizes of AQP4 protein translated from M l Genetics: Lu et al. Proc. Natl. Acad. Sci. USA 93 (1996) 
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